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In  this  study,  we  present  a  novel  trilayered  hierarchical  Ti02  nanocomposite  film  with  three  different  tita- 
nia,  i.e.,  nanoparticle  (NP),  submicron  particle  (SP),  and  nanotube  (NT)  for  highly  efficient  dye-sensitized 
solar  cells  (DSSCs).  The  obtained  trilayer-structured  film  exhibits  efficient  internal  light  trapping,  fast 
electron  transport  and  fluent  redox  diffusion.  A  significant  improvement  is  achieved  with  a  photoenergy 
conversion  efficiency  of  9.36%  under  AM  1 .5  G  simulated  sunlight  illumination,  corresponding  to  a  ~55% 
enhancement  as  compared  to  that  with  the  same  thickness  of  the  NP  layer  alone. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Since  the  first  work  on  dye-sensitized  solar  cells  (DSSCs)  was 
introduced  by  Gratzel’s  group  in  1991  [1],  DSSCs  has  been  consid¬ 
ered  a  potentially  efficient  device  for  low-cost  renewable  energy 
source.  The  typical  Gratzel’s  DSSCs  based  on  a  nanocrystalline  Ti02 
working  eletrode  with  an  adsorbed  ruthenium-based  dye  have 
exhibited  good  photoenergy  conversion  efficiency  [2,3],  whereas 
the  poor  utilization  of  near  infrared  photons  and  recombination  loss 
during  the  photoexcited  electrons  collection  in  the  random  net¬ 
work  of  Ti02  nanocrystallines  still  limit  their  overall  performances 
[4,5].  To  develop  more  efficient  Ti02  films,  intense  efforts  have  been 
made  either  to  overcome  the  recombination  of  photoexcited  car¬ 
riers  by  replacing  a  random  Ti02  nanoparticle  network  with  an 
oriented  Ti02  film  [6-8]  or  to  address  the  generation  of  photoex¬ 
cited  carriers  by  adding  a  light-scattering  layer  over  nanocrystalline 
Ti02  film  [9-12]. 

One-dimensional  (ID)  nanostructures,  such  as  nanorods, 
nanowires,  and  nanotubes,  featuring  highly  decreased  intercrys¬ 
talline  contacts  and  charge  transport  along  the  oriented  axis 
[7,8],  are  expected  for  a  higher  photoenergy  conversion  efficiency 
due  to  facile  electron  transport.  Tan  and  Wu  [7]  constructed  a 
mixed  photoanode  based  on  nanoparticle  and  nanowire,  which 
increased  a  photoenergy  conversion  efficiency  up  to  8.6%.  The 
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tubular  structure,  providing  availability  of  both  the  internal  and 
external  areas  of  the  nanotubes  for  reaction,  has  been  recognized 
to  be  preferable  [13].  Recently,  we  introduced  the  ground  powder 
of  highly  crystalline  anodic  Ti02  nanotubes  as  an  additive  to  mix 
with  the  nanocrystalline  Ti02  for  photoanode  film,  which  improve 
the  light  scattering,  ion  diffusion,  and  electron  transport,  thus  the 
performance  exceeding  9%  [14].  Among  the  methods  for  achieving 
a  higher  DSSCs  efficiency,  addition  of  light-scattering  materials 
has  been  one  of  the  most  effective  and  practical  approach,  in  which 
the  light-scattering  material  elongates  the  path  length  of  incident 
light  within  the  films,  thereby  enhancing  the  light-harvesting 
capability  of  the  electrode  film  and  the  performance  [9-12].  Light 
scattering  can  be  achieved  by  introducing  Ti02  rough  spheres  as 
light-scattering  centers  [8]  or  by  using  a  photonic  crystal  layer 
as  a  dielectric  mirror  [9].  The  large  Ti02  particles  are  normally 
with  relatively  low  surface  area  that  restricted  the  dye  adsorption 
capability  in  the  DSSC  application  and  limited  the  performance. 
Recently,  bifunctional  layer  has  been  developed  by  using  the 
hierarchical-structured  layer  with  hollow  Ti02  microspheres,  to 
offer  efficient  generation  of  photo-excited  electrons  as  well  as 
good  light-scattering  property  [15].  However,  except  for  their  role 
in  the  internal  light  trapping,  these  scattering  particles  hardly 
offer  any  additional  effect,  for  instance,  the  electron  transport  or 
the  redox  penetration.  Additionally,  these  hierarchical  structures 
encounter  significant  challenges  when  scaled  up  due  to  the  poor 
adhesion  between  layers  with  large  difference  in  particle  size. 

In  the  present  work,  we  successfully  constructed  two  light¬ 
scattering  layers  atop  a  12  pm  nanoparticle  Ti02  layer  as 
the  photoanode  for  highly  efficient  DSSCs.  The  light-scattering 
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layers  by  mixing  the  nanotube  and  submicron  particle  with  Ti02 
nanoparticle,  not  only  improved  the  cell  performance  but  also 
indeed  performed  a  much  better  mechanical  strength.  Such  a  trilay- 
ered  hierarchical  Ti02  nanocomposite  electrode  showed  superior 
electron-transport  property  and  the  light-harvesting  efficiency  that 
were  confirmed  by  electrochemical  impedance  spectroscopy  (EIS) 
and  incident  photon-to-electron  efficiency  (IPCE)  measurements. 


2.  Experimental 

The  Ti02  nanoparticle  (NP)  was  prepared  by  the  hydrothermal 
method,  in  which  the  titanium  tetraisopropoxide  was  hydrolyzed 
in  0.1  M  HN03(aq)  and  then  autoclaved  at  220  °C  for  12h.  After 
hydrothermal  treatment,  the  white  solid  was  retrieved  by  centrifu¬ 
gation  and  dried  at  110°C.  The  submicron  particle  (SP)  was  the 
commercial  anatase  Ti02  from  Merck.  The  Ti02  nanotube  (NT)  was 
synthesized  by  the  alkaline  hydrothermal  method  as  described  in 
our  previous  paper  [16,17]  using  Merck  anatase  Ti02  dispersed  in 
1 0  M  NaOH(aq)  and  then  autoclaved  at  1 30  °C  for  96  h.  The  obtained 
white  precipitate  was  centrifuged  and  rinsed  with  0.1  M  HN03(aq) 
until  the  pH  of  the  eluate  reached  neutral  and  was  dried  at  110°C 
overnight. 

In  this  study,  all  the  Ti02  electrode  films  were  fabricated  via 
printing  various  Ti02  pastes  onto  F-doped  Sn02  (FTO)  glass  by 
the  doctor  blade  technique.  The  pastes  were  prepared  by  mixing 
1 00  mg  of  Ti02  (i.e.,  NP,  SP,  or  NT)  with  0.67  mL  of  H20  and  30  mg  of 
polyethylene  glycol  (MW  =  20,000).  The  type  A  electrode  film  was 
printed  with  NP-Ti02  paste  four  times  to  achieve  a  12  p,m  thick 
film.  The  bilayer  composite-Ti02  film  of  type  B  or  C  was  further 
printed  with  a  light-scattering  layer  using  the  SP-Ti02  paste  (type 
B)  or  the  NT-Ti02  paste  (type  C)  atop  the  12  |xm  NP  film.  Type  D  is 
the  trilayer  electrode  film  fabricated  with  two  light-scattering  lay¬ 
ers,  printing  first  the  NT-Ti02  layer  on  top  of  a  12  |xm  NP  film  and 
then  the  SP-Ti02  layer  atop  it.  Type  E  is  also  a  trilayer  electrode  film 
that  used  the  NP-NT  mixture  paste  and  the  NP-SP  mixture  paste  for 
printing  the  middle  and  upper  layers,  respectively,  which  could  be 
limited  the  mechanical  destruction  of  the  formed  layers  to  a  min¬ 
imal  extent.  The  film  was  calcined  in  air  at  450  °C  for  30  min  after 
each  print.  Film  thickness  was  monitored  by  a  Dektak-3  surface 
profiler. 

Field  emission  scanning  electron  microscopy  (FE-SEM)  was 
performed  using  a  JEOL  JSM-6500F  microscope.  High-resolution 
transmission  electron  microscopy  (HR-TEM)  was  performed  using 
a  JEOL  JEM-2011  transmission  electron  microscope.  The  crys¬ 
talline  structures  were  obtained  by  X-ray  diffraction  (XRD)  on  a 
Siemens  D5000  diffractometer  equipped  with  a  Cu  Ka  X-ray  source 
(A  =  1.5405  A).  The  Brunauer-Emmett-Teller  (BET)  surface  areas 
were  determined  by  nitrogen  adsorption  isotherms  at  77 1<  using 
a  Micromeritics  ASAP  2010  Analyzer.  The  light-scattering  property 
of  the  Ti02  films  was  studied  using  haze  measurement  by  recording 
the  ultraviolet-visible  (UV-vis)  spectra  on  a  Hitachi  U-3410  UV-vis 
spectrometer  with  an  integrating  sphere. 

The  DSSCs  was  constructed  as  described  previously  [14,18]. 
Briefly,  the  N719-sensitized  photoanode  was  prepared  by  immers¬ 
ing  the  Ti02/FTO  (with  an  active  area  of  0.25cm2)  in  0.3  mM 
(Bu4N)2[Ru(dcbpyH)2-(NCS)2]  (N719  dye,  Solaronix)  solution  for 
24  h  for  dye  adsorption  and  then  further  sandwiched  with  the 
sputtered-Pt  FTO  glass,  separated  by  a  25  |xm  thick  hot-melt  spacer 
to  assemble  the  solar  cell.  The  intervening  space  was  filled  with  liq¬ 
uid  electrolytes  of  0.5  M  Lil,  0.05  M I2,  and  0.5  M  tert-butylpyridine 
in  dry  acetonitrile.  Photocurrent-photovoltage  (/-V)  characteris¬ 
tics  of  the  DSSCs  were  measured  using  an  electrochemical  analyzer 
(650B,  CH  Instruments)  under  AM  1.5  simulated  solar  light  illumi¬ 
nation  at  an  intensity  of  lOOmWcm-2.  The  electron  impedance 
spectra  of  DSSCs  were  carried  out  under  illumination  with  AM 


1.5  G  simulated  solar  light  (lOOmWcm-2)  at  an  applied  bias  of 
open-circuit  voltage  (Voc)  and  alternative  signal  magnitude  of 
10  mV  in  the  10-2  to  105Hz  frequency  range.  In  the  incident 
photon-to-current  conversion  efficiency  measurements,  the  light 
source  was  a  300  W  Xe  lamp  equipped  with  an  Oriel  74100 
monochromator.  After  these  measurments,  the  adorbed  N719  dye 
on  the  sensitized  film  was  washed  out  by  0.2  M  NaOH  solution.  The 
amount  of  adsorbed  N719  dye  (N719ads)  were  then  determined  by 
UV-vis  spectroscopy. 


3.  Results  and  discussion 

The  FE-SEM  images  of  NP  and  SP  are  shown  in  Fig.  1(a)  and  (b), 
respectively.  The  average  particle  size  of  NP  was  20  nm,  whereas 
SP  was  significantly  larger  at  200  nm.  The  FE-SEM  image  of  NT  pre¬ 
pared  by  the  alkaline  hydrothermal  method  is  shown  in  Fig.  1(c). 
The  length  of  the  randomly  tangled  nanotube  was  up  to  ~200  nm. 
As  shown  in  the  HR-TEM  image  (the  inset  of  Fig.  1(c)),  the  outer 
diameter  of  the  nanotube  was  ~10  nm  and  the  inner  diameter  was 
~4  nm.  The  multi-walled  nanotubular  structure  with  a  wall  thick¬ 
ness  of  ~3  nm  was  clearly  observed.  According  to  the  XRD  profiles, 
NP  and  SP  exhibited  pure  anatase  phase  while  the  weak  XRD  peaks 
of  NT  revealed  the  typical  titania  nanotubes  [17].  The  BET  surface 
areas  of  NP,  SP,  and  NT  were  135,  5,  and  310  m2  g-1,  respectively. 
Fig.  1(d)  shows  the  haze  measurement  of  the  various  Ti02  films  with 
the  same  film  thickness  (LF)  of  12  [xm.  Haze  is  defined  as  the  ratio 
of  the  diffused  transmittance  to  total  optical  transmittance,  which 
can  specify  the  extent  of  light  scattering  as  light  passes  through  a 
transparent  material  [19].  The  inset  figure  of  Fig.  1(d)  shows  the 
optical  image  of  the  prepared  Ti02  films  coating  on  the  FTO  glass. 
Visually,  the  NP  film  is  optically  transparent,  the  NT  film  is  translu¬ 
cent,  and  the  SP  film  is  almost  opaque.  In  general,  the  more  opaque 
the  Ti02  film,  the  more  incident  light  will  be  scattered. 

The  photovoltaic  performance  parameters  of  DSSCs  based  on  NP, 
SP,  as  well  as  NT  films  are  summarized  in  Table  1 .  Among  them,  the 
NP-based  cell  showed  the  best  photoenergy  conversion  efficiency 
(77)  of  7.44%,  which  was  much  better  than  that  of  the  NT-based 
cell  (4.27%)  and  SP-based  cell  (1 .40%).  The  best  photovoltaic  perfor¬ 
mance  of  NP-based  cell  was  mainly  contributed  by  its  much  higher 
short-circuit  photocurrent  density  (JSc)  of  16.8  mA cm-2.  The  JSc 
values  of  NT-  and  SP-based  cells  were  merely  7.7  and  3.0  mA  cm-2, 
respectively.  The  higher  value  of  /Sc  was  correlated  to  a  higher 
amount  of  adsorbed  N719  dye.  The  open-circuit  voltage  (V0c)  of 
NT-based  cell  was  805  mV,  which  was  higher  as  compared  with 
that  of  NP-  and  SP-based  cells.  The  higher  V0c  could  be  attributed 
to  the  lower  electron  recombination,  resulting  in  an  increase  in 
electron  transport  in  the  NT  film  and  thus  the  negative  shift  of 
the  quasi-Fermi  level  [20].  Accordingly,  NP  features  high  N719  dye 
adsorption  ability.  SP  shows  excellent  light-scattering  behavior  to 
elongate  the  path  length  of  the  incident  light  within  the  device. 
NT,  due  to  its  unique  ID  architecture,  possesses  higher  effective 
electron  transport  property. 

In  this  study,  various  Ti02  nanocomposite  electrodes  consisting 
of  NP,  SP,  and  NT  with  hierarchical  structures  were  fabricated  as 
described  in  the  experimental  part.  The  morphology  of  each  elec¬ 
trode  was  examined  by  FE-SEM.  All  types  of  nanocomposite  titania 
electrodes  clearly  exhibited  hierarchical  structures  as  designed.  As 
can  be  seen  in  Fig.  2(a),  the  FE-SEM  images  of  the  type  E  elec¬ 
trode  clearly  displayed  the  trilayer  hierarchical  Ti02  morphology. 
It  reveals  that  the  bottom  NP  layer,  the  middle  NP-NT  layer,  and 
the  upper  NP-SP  layer  retained  the  thickness  of  12,  5,  and  2  |xm, 
respectively.  The  particle  sizes  and  the  mixed  phases  of  the  mid¬ 
dle  and  upper  layers  were  clearly  distinguished,  as  can  be  seen  in 
Fig.  2(b)-(d). 
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Fig.  1.  Physical  properties  of  NP,  SP,  and  NT.  FE-SEM  images  of  (a)  NP,  (b)  SP,  (c)  NT  (inset  shows  the  HR-TEM  image);  and  (d)  Haze  measurement  of  electrodes  based  on  NP, 
SP,  and  NT  films  (inset  shows  the  image  of  Ti02  films). 


Table  1 

Photovoltaic  performance  parameters  of  DSSCs  based  on  NP,  SP,  and  NT  films. 


Ti02  films 

If  (|xm) 

N719ads  ( |jimol  cm- 2 ) 

Voc  (mV) 

/sc  (mAcm 

-2) 

FF 

>)(*) 

NP 

12 

0.100 

773 

16.8 

0.57 

7.44 

SP 

12 

0.009 

795 

3.0 

0.59 

1.40 

NT 

12 

0.086 

805 

in 

0.69 

4.27 

Table  2 

Photovoltaic  performance  parameters  of  various  hierarchical  Ti02  nanocomposite-based  DSSCs. 

Electrode  type 

Ti02  microstructure 

IF  (|xm) 

N719ads  ((jumolcm^2) 

Voc  (mV) 

/sc  (mAcm-2) 

FF 

ri(%) 

A 

NP 

12 

0.102 

773 

16.8 

0.57 

7.44 

B 

NP/SP 

17 

0.106 

770 

18.5 

0.56 

8.08 

C 

NP/NT 

17 

0.129 

765 

19.4 

0.58 

8.65 

D 

NP/NT/SP 

19 

0.132 

745 

21.6 

0.56 

9.04 

E 

NP/NP-NT/NP-SP 

19 

0.159 

750 

22.5 

0.55 

9.36 

F 

NP 

19 

0.154 

727 

15.0 

0.56 

6.08 

The  photovoltaic  performance  data  of  DSSCs  based  on  all  types 

better  performance  than  the  SP.  The  trilayer  electrode  based  DSSC 

of  Ti02  nanocomposite  films  are  summarized  in  Table  2.  The  data 

even  performed  much  better.  As  can  be  seen  from  Table  2,  the  type 

for  the  1 9  p,m  thick  type  F  electrode  made  of  pure  NP  anode  are  also 

D  exhibited  a 

r\  of  9.04%  that  is  ~5%  increase  as  compared  with 

listed  for  comparison.  Both  JSc  and  ij  were  significantly  increased  by 

the  type  C.  As  mixing  the  NT,  as  well  as  the  SP,  with  the  NP  in  the 

adding  light-scattering  layers  on  top  of  the  NP  layer.  In  the  bilayer 

scattering  layer,  the  cell  of  type  E  was  not  only  further  increased 

electrodes,  as 

working  for  a  scattering  layer,  the  NT  exhibited  a 

in  N719ads,  along  with  an  enhancement  of  77,  but  also  exhibited 

Table  3 

Electron  transport  properties  of  various  hierarchical  Ti02  nanocomposite-based  DSSCs. 

Electrode  type 

Ti02  microstructure 

'  freff  (S 

l) 

r  (ms) 

Rk(£2) 

Rw(£2) 

Deff  (cm2  s-1) 

A 

NP 

13.63 

73 

19.5 

1.12 

3.4  xlO-4 

B 

NP/SP 

10.93 

92 

23.0 

4.21 

1.7  x  10“4 

C 

NP/NT 

34.49 

29 

13.0 

1.09 

1.2  x  10-3 

D 

NP/NT/SP 

19.92 

50 

13.3 

0.88 

1.1  x  10-3 

E 

NP/NP-NT/NP-SP 

18.28 

55 

16.2 

1.54 

7.0  xlO”4 

300 
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Fig.  2.  Cross-sectional  FE-SEM  image  of  the  trilayer  NP/NP-NT/NP-SP  electrode  (type  E);  (b)  NP-SP  layer;  (c)  NP-NT  layer;  and  (d)  NP  layer. 


the  stronger  mechanical  film-strength.  The  photoconversion  effi¬ 
ciency  of  9.36%  was  achieved,  ~55%  enhancement  as  compared 
to  the  same  thickness  of  the  nanoparticle  Ti02  layer  alone.  In  the 
hierarchical  electrodes,  the  r]  increases  along  with  the  thicker  IF 
indicates  the  addition  of  NT  and  SP  causes  the  ease  of  ion  diffusion 
and  electron  transport  in  the  mixed  films. 

The  EIS  measurements  were  performed  under  illumination  with 
AM  1.5  G  simulated  solar  light  at  an  applied  bias  of  V0c-  The  Nyquist 
plots  of  the  obtained  impedance  data  are  depicted  in  Fig.  3.  The  data 
were  fitted  in  terms  of  the  appropriate  equivalent  circuit  using  the 
Z-VIEW  software  as  described  previously  [14].  The  derived  param¬ 
eters,  including  the  first-order  reaction  rate  constant  for  the  loss 
of  electrons  (/<eff)»  the  dark  reaction  impedance  (Rk),  and  the  diffu¬ 
sion  reaction  impedance  (Rw)  in  various  Ti02  nanocomposite  films 


Fig.  3.  Nyquist  plots  of  the  impedance  spectra  of  DSSCs  based  on  various  hierarchical 
Ti02  nanocomposite  electrodes. 


with  Lp,  are  summarized  in  Table  3.  The  effective  electron  diffusion 
coefficient  (Deff)  was  calculated  using  Eq.  (1 )  [21  ]. 

T>eff  =  (^)  x  keff)  (1) 

Based  on  the  Deff  values  of  the  various  nanocomposite  Ti02  elec¬ 
trodes,  the  contribution  to  the  Deff  clearly  appeared  in  the  order  of 
NT>SP>NP.  The  ID  architecture  of  NT  was  the  best  for  electron 
transport.  Thus,  higher  Deff  values  were  obtained  for  all  the  cells 
containing  NT  in  the  anode.  The  enhancement  in  the  electron  trans¬ 
port  property  was  one  of  the  major  factors  in  the  improvement  of 
the  performance  of  DSSCs. 

To  determine  the  effect  of  light-scattering  layers  on  cell  per¬ 
formance,  the  measured  monochromatic  IPCE  was  obtained  by 
normalizing  it  to  the  maximum  intensity  of  520  nm,  as  shown  in 
Fig.  4.  The  bilayer  electrodes  of  types  B  and  C  showed  clear  enhance¬ 
ment  in  the  order  of  C  >  B  >  A  on  the  right-hand  side  (RHS,  >520  nm), 
although  the  curves  on  the  left-hand  side  (LHS,  <520  nm)  appeared 
irrational.  However,  the  NT  was  evidently  more  effective  than  the 
SP  in  light  harvesting.  The  trilayer-based  DSSCs  of  types  D  and  E 
showed  further  notable  increase  in  IPCE  on  the  RHS,  with  type  E 
slightly  higher  than  type  D.  Moreover,  the  normalized  IPCE  of  type 
E  was  clearly  higher  than  that  for  type  D  on  the  LHS,  which  is  in 
agreement  with  the  amount  of  dye  adsorption  as  listed  in  Table  2. 
The  peak  shoulder  at  ~625  nm  was  due  to  the  adsorbed  N719  dye 
molecules  [4].  The  full  spectrum  enhancement  and  the  maximum 
light-harvesting  efficiency  presented  for  the  trilayer-based  (NP/NP- 
NT/NP-SP)  cell  of  type  E  is  evidently  due  to  the  enhanced  light 
absorption  by  the  dye  adsorbed  on  the  NP  and  NT  on  the  LHS  and 
the  efficient  light  scattering  by  the  SP  and  NT  on  the  RHS. 
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Fig.  4.  Monochromatic  IPCE  of  DSSCs  based  on  various  hierarchical  Ti02  nanocom¬ 
posite  electrodes. 

4.  Conclusions 

By  tailoring  the  microstructure  of  a  Ti02  electrode  film  inte¬ 
grated  with  the  nanoparticle,  the  nanotube,  and  the  submicron 
particle,  we  successfully  fabricated  highly  efficient  DSSCs.  The 
type  E  trilayer  electrode  film,  achieved  by  mixing  the  nanotube 
and  submicron  particle  with  Ti02  nanoparticle  in  the  middle 
and  upper  layers,  served  as  a  multifunction  in  terms  of  higher 
dye  adsorption,  stronger  mechanical  strength,  favorable  electron 
transport,  effective  light  scattering,  and  fluent  redox  diffusion.  A 
remarkable  improvement  was  achieved  with  a  solar-to-electricity 
conversion  efficiency  of  9.36%  under  AM  1.5  G  simulated  sunlight 


illumination,  corresponding  to  a  ~55%  enhancement  compared  to 
the  same  thickness  of  the  nanoparticle  Ti02  layer  alone. 
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